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ABSTRACT 
A theoretical analysis of the pulse column was made using a stage-
wise approach to the problem. The column was assumed to be divided into 
discrete stages, each stage having been defined as that part of the column 
between two adjacent perforated plates. The cyclic reversal of flow which 
is characteristic of the pulse column permitted more material balance 
equations to be written than for a simple countercurrent extractor. 
The operation of the pulse column was described mathematically using 
material balance equations and, from the theory developed, a design method 
was derived which used two "stage" lines and two "operating" lines, one 
set for the upstroke and one set for the downstroke of the pulse generator. 
The stages could be stepped off between each of these sets of lines in 
much the same manner as is done on a McCabe-Thiele diagram. Assuming 
equilibrium contact, the effect of recycle in a pulse column was shown to 
cause a large decrease in the separation obtained as the pulse frequency 
was increased. To account for non-equilibrium contact two stage efficien­
cies were defined, one for the upstroke and one for the downstroke half-
cycle. 
Hold-up studies were made using two systems, isoamyl alcohol » water 
and methyl isbbutyl ketone - water. Under proper operating conditions the 
hold-up, per cycle, of the dispersed phase for both systems was shown to be 
equal to the interstage flow, per cycle, of the dispersed phase. Also for 
both systems the stagewise hold-up per cycle first decreased then increased 
as the pulse frequency was increased. This hold-up behavior had been pre­
dicted qualitatively by the theory. With the water phase discontinuous 
a sharp increase in the dispersed phase hold-up was observed at critical 
pulse frequencies for the isoamyl alcohol - water system. The critical 
frequency was a function of the superficial flow rate of the dispersed 
phase. This break in the hold-up curve was attributed to a hindered set­
tling effect due primarily to the hi$i viscosity of the continuous isoamyl 
alcohol phase. Hold-up behavior at high frequencies was quite different 
for the two systems. 
Extraction runs were made using the system methyl isobutyl ketone -
acetic acid - water. It was shown both theoretically and experimentally 
that even though the stage efficiencies may increase, the over-all sepa­
ration performed by the column may decrease with increased pulse frequency 
because of the effect of recycle. The stage efficiencies were lower for 
that half-cycle in which the wetting fluid passed through the plates. The 
over-all operating line shifted closer to the equilibrium line as the pulse 
frequency was increased and this was explained by the theory to be due to 
the unequal effect of recycle on the end-sections of the column as compared 
with the recycle effect in the stages. 
On the basis of the theory presented for a pulse column operating in 
the emulsion region it was found to be theoretically possible for a column 
to be operating in a pinched-in region even though this is not apparent by 
an examination of the superficial flow rate ratio of the two streams being 
fed to the column. The change in the phase composition would change the 
actual interstage flow ratio between the stages and thus alter the slopes 
of the over-all stage line and the over-all operating line. 
Sampling techniques were developed to take samples of the interstage 
flowstreams in a column operating in the mixer-settler region. Samples 
V 
were taken by forcing hypodermic needles through rubber stoppers in the 
column and then inserting the tips of the needles through holes in the 
plates. Removal of the sample from the column during the desired part 
of the pulse cycle was controlled by microswitches located on the pulse 
generator. The micro switches operated specially constructed solenoid 
valves in the sampling lines. 
1 
INTRODUCTION 
The pulse column, as we know it now, developed from an extractor 
patented by Van Bijck (19) in 1935. Van Dijck's patent concerned a 
column in which perforated plates were oscillated up and down to dis­
perse the two liquid phases. Also mentioned in this patent was the 
possibility of dispersing the phases by pulsing the liquid instead of 
moving the plates. This latter method of agitation is the basis of what 
has come to be called a "pulse column". 
Serious interest in the pulse column probably started in about 1949 
when C. Groot used it at Hanford for the processing of uranium (15). At 
that time it was used because it offered approximately a two-fold reduc­
tion in height from the heists of conventional packed columns to obtain 
a given uranium separation. This reduction in height was, and still is, 
very important when problems of shielding and criticality for reactor fuel 
processing equipment are considered. 
A functional diagram of the pulse column is shown in Figure 1. Per­
forated plates are spaced at intervals up the column. Heavy liquid enters 
from the top of the column and light liquid enters from the bottom of the 
column. Ordinarily the size of the holes in the perforated plates is 
small enough that no countercurrent flow occurs through the plates due to 
gravity alone. The pulse generator at the bottom serves to disperse or 
mix the two liquid phases and also to pump the liquids through the column. 
In Figure 1 the light phase is the dispersed or discontinuous phase 
and the heavy phase is the continuous phase. The light phase is present 
in the smaller quantity, as is customary for the discontinuous phase, and 
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Figure 1. Diagram of pulse column. 
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the principal interface is located in the top end-section of the column. 
If the heavy phase were the discontinuous phase then heavy phase would be 
present in the smaller quantity and the principal interface would be in the 
bottom end-section of the column. 
Figure 2 shows the operating characteristics of a pulse column. The 
curve was presented by Sege and Woodfield (15) to illustrate the various 
types of dispersion in a pulse column as a function of the flow rates and 
the pulse frequency. The curve only shows general trends and has no numeri­
cal vaines along its axes. 
Choose an arbitrary total flow rate and follow a horizontal line across 
the Figure. Region A is a flooding region in which the column will not 
operate because the amount of pulsation is too small to pump liquid through 
the column as fast as it is fed at each end. At a point on the line marked 
"Pulse Volume Velocity", the pulsation applied to the column is just enough 
to maintain a net flow equal to the superficial flow rates, or the rates at 
which the two liquids are being fed to the column. This point is called the 
lower flooding limit or the point of incipient flooding due to insufficient 
pulsation. 
When the pulse frequency is increased so that the column operates in 
area B, mixer-settler operation is obtained. The two phases settle out 
completely between pulses; thus there is an alternating sequence of mixing 
and settling in each portion of the column between two adjacent perforated 
plates. When a pulse column is operated in Region C, the two phases in 
the column give the appearance of an homogeneous "emulsion" at all times 
and so the area is called the "emulsion region". Increasing the pulse 
frequency still further causes the dispersion to become irregular and 
4 
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Figure 2. Operating characteristics of a pulse column. 
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non-uniform. Large globules of liquid begin to appear and local flooding, 
or reversal of the dispersion, may occur. This unstable region is indicated 
by area D in Figure 2. The transitions between regions B and G, and regions 
C and D are not well defined. 
The flooding curve which separates regions D and E represents the 
locus of points at "which the net flow of liquids through the column is 
again just equal to the superficial flow rates. This time the trouble is 
not too little pulsation but too much pulsation. Hindered settling has 
reduced the net flow of liquid through the column. A point on this line 
is often referred to as the upper flooding point or the point of incipient 
flooding due to excessive pulsation. 
The pulse column has two flooding points. Both points are sharply 
defined and the permissible operating range of the column is sandwiched 
between these two flooding points. The extraction efficiency varies 
throughout this range and the resulting degree of separation obtained 
depends on the net effect of two opposing phenomena. Ideally, increasing 
the pulsation applied to the extractor produces better dispersion of the 
phases and creates more interfacial area for mass transfer. Turbulence 
within the column is increased, tending to improve the rate of extraction. 
On the other hand, back mixing, or recycle, is present throughout the 
operating range of the column, decreasing as the pulsation rate decreases, 
and reaching zero at the lower flooding limit. This recycle can be seen 
intuitively by noting that, at steady-state, the net flow of liquids 
through the extractor must be equal to the superficial flow rates. But 
the amount of liquid moved up and down the column by the pulse generator 
will vary greatly as the pulse amplitude or the pulse frequency is varied 
6 
between the two flooding points. The problem has been described, mathe­
matically by Edwards and Beyer (6). 
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LITERATURE REVIEW 
Because of the high extraction efficiencies •which have been obtained 
with pulse columns, they have been the subject of considerable research in 
recent years. Goundry and Romero (9), in a senior research project at 
Cornell used a lf-in. diameter column packed with -$-in. Raschig rings to 
observe the effect of pulsing a packed column. Poising the column resulted 
in a three-fold decrease in the over-all H.T.U. Some time later, Wiegandt 
and Von Berg (20) published the results of further work on the same column 
and the same system, methyl isobutyl ketone-acetic acid-water, reporting a 
change of 7-8-in. to 1.6-in. for the H.E.T.5. between the non-pulsed column 
and the column pulsed at an amplitude of $-in. and a frequency of 74 cycles/ 
min. This was about a five-fold change. 
Feick and Anderson (8) also worked with a pulsed, packed column. They 
measured over-all mass transfer coefficients. Small amplitudes (1/16 -
1/4 in. ) and high frequencies (200 - 1000 cycles/min. ) were used. The in­
creased values of the over-all mass transfer coefficient were, they rea­
soned, due either to an increase in inter facial area, to increased turbu­
lence, or both as the pulsation applied to the column was increased. The 
initial part of the investigation was carried out using the system, toluene-
benzoic acid-water, where the major resistance was in the water phase. 
Later acetic acid, whose control ling resistance is in the toluene phase 
was used. The increase in the mass transfer coefficient, upon pulsing, was 
about the same in both systems and so Feick and Anderson concluded that the 
main effect on mass transfer contributed by the pulse was to increase the 
interfacial area between the two phases. 
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About the same time, Griffith, Jasny, and Tapper (10) were separating 
cobalt from nickel with a poise column at the M.I.T. Engineering Practice 
School at Oak Ridge. They were concerned with plate spacing and total 
flow rates. The plates were removed and the column operated as a spray 
column. The solvent to water ratio was 1.57 and the H.T.U. varied from 
1.1-in. to 24-in. between the pulse and the spray column at low total 
flow rates. At high total flow rates the change was from 34-in. to 57-in. 
A change from 2-in. to 1-in. in the plate spacing resulted in an increase 
in the efficiency of the pulse column. The pulse column flooded easier 
than the spray column, however, the difference being 955 gal./hr./sq.ft. 
as compared with 1820 gal./hr./sq.ft. for a 2-in. diameter column. These 
authors first commented on the reasons, mentioned earlier, for the appear­
ance of the two flooding points -which are characteristic of the pulse 
column. 
Belaga and Bigelow (2) also using the column at Oak Ridge, studied 
the effects of pulse amplitude and pulse frequency on extraction efficien­
cy. The over-all H.T.U. was plotted against the amplitude-frequency 
product in an attenpt to obtain a correlation. The authors indicated that 
this correlation was dependent on the system employed. Amplitude was 
varied from 1/8-in. to 2-in. and frequency was varied from 20 to 80 cycles 
per minute. The H.T.U. change was from 2.63 to 6.25-in. for the system, 
methyl isobutyl ketone-acetic acid-water. 
At Iowa State College, Cohen and Beyer (5) investigated flow rates 
and amplitude-frequency effects. Mass transfer data were correlated by 
a plot of H.T.U. against the amplitude-frequency product. The recycle, 
or back-mixing, which occurs in a pulse column was discussed qualitatively. 
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Later, Edwards and Beyer (6) put the phenomenon of recycle on a mathe­
matical basis in an equation designed primarily to predict the lower 
flooding point of the pulse column for any liquid system. 
In 1954, Sege and Woodfield (15) published a compilation of work 
done at Hanford where the pulse column was first introduced for production 
work. Most of the pulse column variables were discussed and the general 
trends of their effects indicated. The discussion was illustrated with 
data on the solvent extraction of uranyl nitrate with tributyl phosphate. 
A relation af11, where a is the amplitude, f is the frequency and n is an 
exponent dependent upon the system was suggested as a better correlating 
factor than the simple amplitude-frequency product. 
The work described so far has dealt mainly with over-all trends in 
pulse column operation. Probably the most significant study which has 
yet been reported is the work of Li and Newton (12). The work was pub­
lished in 1957 although it was submitted by Li as a doctoral dissertation 
at Georgia Tech in 1951. Li used the system toluene-benzoic acid-water 
in a 2-in. pulse column» The approach used was the classical attack on 
liquid-liquid extraction based on Colburn's H.T.U. method of correlation 
(17), a procedure which has been used by several other authors (1, 14, 18) 
to correlate their data on liquid-liquid extraction in perforated plate 
columns. 
Considering the pulse column essentially as a perforated plate 
column with a superimposed pulse, Li used a Reynolds number based on 
the plate perforations, taking the arithmetic average of the velocity 
through the plates and the physical properties of a two-phase mixture of 
toluene and water. The data were correlated with the equation: 
10 
= fr(VT)*(Vwf 
(Re) 
With the toluene phase dispersed, the over-all mass transfer co­
efficient, K^a, was found to increase with increasing Reynolds number 
and to exhibit a sharp break at a critical Reynolds number (Re)c«£ 1200. 
The slope of the curve was 0.175 below (Re)c and 1.07 above (Re)c, show­
ing a much faster increase of E^a with Re above the critical point. 
Pressure drop across the column also increased sharply at the critical 
Reynolds number of 1200. 
Runs were made at constant values of the Reynolds number to deter­
mine the effect of flow rates. With either phase dispersed, the over-all 
mass transfer coefficient was affected mainly by the flow rate of the 
dispersed phase and only slightly by the flow rate of the continuous 
phase. 
The hold-up increased with increasing flow rate of the discon­
tinuous phase and was independent of the flow rate of the continuous 
phase. With constant flow rates, hold-up increased exponentially with 
an increase in the Reynolds number. 
At the British Atomic Energy Research Establishment in Harwell, 
England, the pulse column has been under study for several years as 
part of a larger program of research in liquid-liquid extraction. A 
comprehensive paper on the pulse column work at Harwell was published by 
Thornton (16) in 1958. A method of design, based on model tests, was 
presented which was reported to permit the various design parameters to 
be evaluated to within approximately + 15$ in the range over -which the 
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tests were made. 
In the absence of interfacial effects due to solute transfer, the 
droplet size range was found to be small for any given set of operating 
conditions. A statistical mean droplet size and its associated charac­
teristic mean velocity was used in the design equation for flooding and 
for H.T.U. The effect of solute transfer on interfacial effects was 
added as an "enhancement factor". 
A program to determine individual film H.T.U.1 s and to study flooding 
in a pulse column is under way at North Carolina State College (13). 
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SCOPE OF THE INVESTIGATION 
In order to evaluate the use of a pulse column in a process a certain 
amount of design data is necessary. This was what appeared to be lacking 
in the pulse column literature. Consequently the project was planned with 
the object of obtaining information which could be used for design. An 
orderly approach to how the pulse column operates was the first objective. 
To achieve this end the operation of the pulse column was described in 
terms of equations. The simplest possible cases were considered first 
and additional refinements were added as the theory was developed. 
Among column-type extractors the cyclic reversal of flow character­
istic of the pulse column is unique. This feature of the pulse column 
increases the number of material balance equations which can be written 
and much of the theory developed so far is an extensive use of the 
material balance. The pulse column cannot be truly represented as either 
a differential or a stagewise type of extractor. Nor is it truly counter-
current or cocurrent, since the presence of recycled liquid imposes a co-
current stream upon the intended countercurrent flow. It will be shown 
later that this cocurrent stream does in fact become larger than the 
countercurrent stream under conditions of high pulsation. 
Most previous investigators have used a differential approach to the 
pulse column, employing the H.T.U. However, in the present work a stage-
wise approach was employed. 
13 
PROPOSED THEORY 
Mixer-Settler Region 
Basis of theory 
Assume that a pulse column is divided into discrete stages, a stage 
being defined as that part of the column between two adjacent perforated 
plates. Consider that only equilibrium contacts are obtained and that 
the column is operating at the point of incipient flooding due to insuf­
ficient pulsation. At this point of incipient flooding, mixer-settler 
type operation occurs. The two phases settle out completely and there 
is no recycle, or back-mixing between stages. 
The following assumptions hold for this analysis: 
(1) equilibrium contact 
(2) mixer-settler type operation 
(3) zero recycle 
(4) no volume changes 
(5) straight equilibrium line 
(6) constant and equal hold-up in all stages 
(7) an element of fluid passes through only one stage per 
half-cycle of the pulse generator 
The following nomenclature will be used: 
E = organic phase hold-up per stage (liters) 
R = aqueous phase hold-up per stage (liters) 
G = organic phase interstage flow rate (liters/cycle) 
L = aqueous phase interstage flow rate (liters/cycle) 
y = concentration of solute in organic phase (grams/liter) 
14 
x = concentration of solute in aqueous phase (grams/liter) 
m = distribution coefficient. 
Primed quantities (/) refer to conditions at the end of an upstroke but 
before the beginning of a downstroke of the pulse generator. Concen­
trations which are not primed refer to conditions at the end of a down-
stroke but before the beginning of an upstroke. 
A hypothetical extraction problem will serve as a numerical illus­
tration of the design of a pulse column, subject to the assumptions 
listed above. The end sections of the column have not been considered. 
Aqueous phase containing 100 gnu/liter of solute is to be reduced 
to a concentration of 34 gm./liter by solvent extraction in a 3-in. dia. 
pulse column. The entering solvent contains 0.5 grams of solute per 
liter. The column has a 3-in. plate spacing and is to be operated at 
the lower flooding point, with a %-in. pulse amplitude. The flow rates 
to the column will be 0.8 liter/min. for each phase. Assume that the 
organic to aqueous phase hold-up ratio is 1/3 for each stage. The 
equation of the equilibrium line for the system is y = 0.75*. How many 
stages are necessary to perform the separation? 
A diagram of the extractor is shown in Figure 3» By an over-all 
material balance, y# is found to be 66.5 gm./liter. The total volume 
of each stage is 0.348 liter. Since the organic to aqueous phase hold­
up ratio is 1/3, the volume of organic phase, E, in each stage is 0.116 
liter and the volume of aqueous phase, R, in each stage is 0.232 liter. 
• . 
An equation developed by Edwards and Beyer (6) may be used to deter­
mine the pulse frequency at the lower flooding limit. 
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Figure 3- Flow diagram of extractor. 
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where, 
a = pulse amplitude (cm.) 
f = pulse frequency (cycles/min. ) 
A = cross-sectional area of column (cm?) 
Gg = superficial flow rate of organic phase (cm.^/min. ) 
Lg = superficial flow rate of aqueous phase (cmP/min. ) 
This equation assumes that the raffinât e leaves the column only during an 
upstroke of the pulse generator. By trial and error calculations the 
pulse frequency is found to be 20.2 cycles/min. The interstage flow 
rates for each phase are, 
0.8 _ 0.0396 liters 
20.2 ~ cycle 
Begin at the bottom of the column. On the upstroke of the pulse 
generator, organic phase flows into the bottom of stage one. Consider 
that the upstroke takes place in two steps as shown in Figure 4a. First, 
G liters of organic phase of concentration yg mix with R liters of aqueous 
phase cf concentration X]_, according to the equation: 
Qyg 4- Rxj = <$[ + Rx£ (1) 
The concentration y£ is a transient concentration within the column at 
the end of the first step of this two-step process. Since equilibrium 
contact is assumed, the point (y£, x£) lies on the equilibrium line. 
Second, the G liters of organic phase of concentration y^ mix with the 
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Figure 4a. Stage 1 during an upstroke of the pulse generator. 
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Figure 4b. Stage 1 during a downstroke of the pulse generator. 
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(E-G) liters of organic phase of concentration y]_ remaining at the top 
of stage one to give E liters of organic phase of concentration y£ or: 
+ (E-G)y^ = Eyj_ (2) 
The downstroke may also be assumed, to occur in two steps as shown in 
Figure 4b. The equations are: 
L*2 + = 1% + Ey^ (3) 
Ixx + (R-L)X£ = RX]_ (4) 
Equation 1 may be rearranged to give: 
(5) 
— / —R / 
yi = IT xi + 
R 
Txi + yB 
which is the equation of a straight line through the points (yg, x^) 
-B 
~ÏÏ 
and (y^, x^). The slope is ^ = -5.86. This line, drawn through the 
point (y^, Xj) on Figure 5 intersects the line y = yg at the point 
(yB, xx). From Figure 5= = 38.4 gm./liter. Since x^ and are 
known, x-j_ can be calculated from Equation 4: 
Xj = £ x^ + ( 1 - ^  ) x^ = 59.8 gn./liter (6) 
The value of y^ may be read from Figure 5 since (y^, x^) lies on the 
equilibrium line. Hence yj_ = 44.8 gm./liter. With yj_ and yj[ known, 
can be determined from Equation 2: 
y l  =  | ^ l + ( 1 ~ § )  y l =  3 8 . 2  g m . / l i t e r  ( 7 )  
Equation 3 may be rearranged to give: 
SLOPE -0.351 EQUILIBRIUM LINE 
SOLUTE CONCENTRATION IN AQUEOUS PHASE (gm / liter) 
Figure 5« Solution to problem by stage-to-stage calculations. 
?! = -§=! + 
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| X2 + j{ (8) 
which is the equation of a straight line through the points (y%, X]_) 
and (y{, xA). The slope is - ^  = -0.341. The intersection of this 
line with the line y = y{ determines the point (y{, xg) and hence the 
value of x^ can be read from Figure 3 as x^ = 79 gm./liter. 
The procedure can now be repeated starting with the point (y^, x^) 
on the equilibrium line. This point is analogous to the point (y£, x£) 
of the preceeding calculation. The calculations are continued until the 
desired separation has been reached. In this case, comparing Figures 
1 and 3 it is seen that: 
y2 = yN = 71.8 gm./liter 
x^ = Xp = 106.2 gm./liter 
Slightly less than two stages are needed. 
Notice, as shown in Figure 6, that by drawing a straight line 
through each of the following series of points, 
(1) %n" yn 
(2) 
(3) Vl' yn 
(4) 
it is possible to step off the stages in much the same manner as is done 
on a McCabe-Thiele diagram. However, there are two sets of lines; one 
set is for the upstroke of the pulse generator and one set is for the 
downstroke of the pulse generator. The upper line in each set is not an 
UPSTROKE STAGE UNE 
UPSTROKE OPERATING LIN • 
DOWN STROKE OPERATING U <E 
EQUILIBRIUM 
LINE 
0 10 20 30 40 50 60 70 80 90 100 110 
S O L U T E  C O N C E N T R A T I O N  I N  A Q U E O U S  P H A S E  ( g m / l i t e r  )  
Figure 6. Solution to problem by using stage lines and operating lines. 
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equilibrium line as in a McCabe-Thiele diagram, nor is the bottom line a 
McCabe-Thiele operating line. For convenience, the lower line in each 
set will be called an "operating line" since it serves the same purpose 
on the diagram as a conventional operating line. On the other hand, the 
upper lines cannot very well be called equilibrium lines. These upper 
lines will be called "stage lines" since they represent the locus of 
points corresponding to stage concentrations of aqueous and organic 
phases at the end of each half-cycle of the pulse generator. 
The diagram in Figure 6 shows clearly the stagewise nature of pulse 
column operation. The dotted lines show the change in concentration in 
each stage when the column is operating at steady-state. The concen­
tration values oscillate back and forth between the points at each end 
of these lines. 
The problem may also be solved by use of an "over-all stage line" 
and an "over-all operating line". The first is a relation between yn 
and x^. The second is a relation between yn and The necessary 
equations are derived from Equations 1 through 4, the two equilibrium 
relations, and a material balance over one end of the column. A material 
balance over the bottom of the column, including stage n as shown in 
Figure 7 is: 
The resulting equations are: 
over-all stage line. (9) 
over-all operating line. (10) 
22 
Ls'„ n+i gy„ 
Lx,' gy. 
Figure ?• Diagram of bottom portion of a pulse column. 
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End sections 
A diagram of the top end-section is shown in Figure 8a. Aqueous 
feed enters the top end section continuously. Notice that only that 
portion of the end section where the two phases may come into contact is 
of any importance from the standpoint of extraction. Consider a down-
stroke of the pulse generator, shown in Figure 8a. L/2 liters of aqueous 
phase of concentration x^ enter and L liters of aqueous phase of concen­
tration Xp leave the section. The following equations may be written: 
^T^F + ^  XA ~ ^ F = ( %"* ]|0XF 
or: 
(rp-l)xp + ^ xa = (bp-^xf 
Next consider an upstroke of the pulse generator, as shown in 
Figure 8b. G liters of organic phase of concentration y^ enter the 
top end section. Since aqueous phase enters the top end section con­
tinuously, if. liters of aqueous phase of concentration x^ also enter on 
the upstroke. G liters of organic phase of concentration y& leave during 
this period. Thus, at the end of the upstroke, the top end section con­
tains Rrp liters of aqueous phase. Assuming that the two phases reach 
equilibrium on the upstroke, then: 
0*T ~ \ ) XF + § XA + O^N " %*F + (&A 
Values of y^, Rj, G and L will probably be known for most 
problems. So yjj and Xp must be determined from the above equations. 
The point (xj?, y&) lies on the equilibrium line so the value of xp can 
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Figure 8b. Top end-section; upstroke. 
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be found, since y^ is known. Then: 
2(er-l) 
2Rm-L 4 + 
jlL-
2Rj-L J A 
(11) 
and: 
Rro 
% = — (xf~xf) + -h (xf~xa^ 2G (12) 
Figure 9a shows the bottom end-section of a pulse column during an 
upstroke of the pulse generator. G/2 liters of organic phase of concen­
tration yg mix with Rg liters of aqueous phase of concentration Xg accord­
ing to the equations 
| ys + R3X3 = I yB' + RfiXg 
§ yg + (Eg-G)yB = (E- §) yg 
Similarly, the following equations may be written for the bottom end-
section during a downstroke of the pulse generator: 
ixi' + (eg—§) y^ + § ys = ixg + bgjrb 
IXq + (Rg-L) Xg = RgXg 
Values for yg and must be determined from these equations. The point 
(yg, Xg) lies on the equilibrium line. A line through this point and the 
point (yg, xg) has a slope equal to -(2Rg)/G. Thus the value of Xg may 
be found since yg will probably be known from the conditions of the 
problem. Then: 
Xg - — Xg + (1 - —) (13) 
2 6 
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Ç D 
~2ys 
Figure 9a. Bottom end-section; upstroke. 
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Figure 9b. Bottom end-section; downstroke. 
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The point (x^, y^) lies on the equilibrium line, so y^ can be determined. 
Next: 
X1 = XB + + T (%-%) (14) 
To illustrate a complete column design using this analysis, con­
sider the following problem. 
A 3-in. diameter pulse column has ten stages, each 3-in. high. 
Organic solvent is available which has a concentration of one gram of 
solute per liter. The flow rates to the column are to be 1.085 liters/min. 
for the organic phase and 0.800 liters/min. for the aqueous phase. When 
the column operates at the lower flooding point with a %-in. pulse ampli­
tude, the pulse frequency is 22.3 cycles/min. The organic phase hold-up 
in each stage may be taken as 0.0486 liters/stage. The equilibrium curve 
for the system is y = 0.75x« What must be the concentration of aqueous 
feed if the raffinate from the column is to have a solute concentration 
not greater than 5 gm./liter? 
The solution of this problem is shown in Figure 10. The concen­
tration of aqueous feed, x^, must be 98 gm./liter. The organic extract 
leaves the column at a concentration of 70 gm,/liter. 
Recycle 
When a pulse column is operated above the lower flooding point, the 
recycle rate is no longer zero. In effect, the presence of recycled 
liquid means that some of the fluid which leaves a stage on one half-
cycle of the pulse generator returns to the stage on the following half-
cycle. However, this fluid suffers a decrease in solute concentration 
, %,yo) 
-M-A 
; 
(Xg« 
/ 
100 no 
SOLUTE CONCENTRATION IN AQUEOUS PHASE (gm/liter) 
•Figure 10. Solution to pulse column design problem; operation at the lower 
flooding limit. 
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during the time it is gone from the stage. When it returns as recycle, 
this fluid causes a decrease in the over-all concentration gradient 
available for mass transfer. Hence the effect of recycle in a pulse 
column is opposite to that of reflux in a distillation column. The 
potential importance of recycle with increasing pulsation can be seen 
from the curves in Figure 11 where recycle rate as a function of pulse 
frequency is shown for a particular case. 
Any analysis of pulse column operation above the lower flooding 
limit must include the effect of recycle. By using an approach similar 
to that employed for describing operation at the lower flooding limit, 
a mechanism can be proposed to explain extraction in the mixer-settler 
region. However, this method requires a knowledge of the hold-up in 
each stage. The following relations hold for any liquid system so long 
as the column follows true mixer-settler operation. The assumptions 
previously listed still apply. 
The phase composition of the recycled liquid must be known in 
order to predict the steady-state hold-up. The equation of Edwards -
and Beyer (6) permits calculation of the amount of liquid recycled on 
each half-cycle of the pulse generator. However, this equation cannot 
be used to determine if the recycled liquid is aqueous phase, organic 
phase, or a mixture of both aqueous and organic phases. For mixer-
settler operation, with the principal interface at the top of the column 
(organic phase dispersed), the recycled liquid will consist entirely of 
aqueous phase. This can be seen by observing the column in mixer-settler 
operation. Figure 12 shows the theoretical approach to steady-state, 
under these conditions, of a 3-in. diameter pulse column with a 3-in. 
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PULSE AMPLITUDE - 4-in. 
ORGANIC FEED = 1085 cm3/min. 
AQUEOUS FEED» 800 cm3/min. 
COLUMN DIAMETER « 3~in. 
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PULSE FREQUENCY (cycles/min) 
Figure 11. Interstage flow rates as a function of pulse frequency. 
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plate spacing if it were pre-loaded with one-third organic phase and 
two-thirds aqueous phase in each stage and a] lowed to run until the hold­
up reaches a constant value over each cycle. The hold-up of the dis­
persed phase in the two stages and in each end-section is plotted 
against the time in cycles. The distribution of the two phases is 
shown schematically in Figure 13. The hold-up of organic phase becomes 
equal to the organic phase interstage flow per cycle. 
The volumes of the two phases in the top end-section in Figure 13 
will depend on the height of the principal interface. According to the 
theory, then, if the position of the jack-leg which balances the pressure 
drop across the column is changed, the corresponding adjustment of the 
aqueous-to-organic phase ratio must appear only in the top end-section 
after the column reaches steady-state again. The aqueous-to-organic 
phase ratio elsewhere in the column will only be temporarily affected by-
varying the position of the jack-leg. 
Refer to Figure 13. If the same assumptions are made as in the 
previous analysis, then the following equations may be written: 
(A) Top end-section 
ji + RjXp - (VR + L)x£ = (Rp-Vg- ~) Xp downstroke (15) 
Qyjj + VjjX^j + (Rp-Vg- ïp Xp + if = RjXj + QsrA upstroke (16) 
(B) Bottom end-section 
(VR + L)x£ + I yg + I ys = (VR + L)xB + QyB (17) 
(VR + L)XB + (R-VR-DXB = BgxB (18) 
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Figure 13. Distribution of phases in a pulse column 
operating with recycle in the mixer-settler 
region. 
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2 7S + (R-B-VR)XB + (VR + ^)xg = 5 yg + (Rg + ^ )xg upstroke (19) 
(C) Stages 
*r*l = G ) (7n-yn) (20) 
VV_+L J 
xn =  (S%) ^+ (S3^)(s'n-7n-l) - (" DÇ ) ^  (ZL) 
^•FÈÏK-CT^)^ ( 2 2 )  R R 
yn - "^n (23) 
7n = ^ (24) 
Consider the example problem shown in Figure 10 except that in this 
case the pulse frequency is increased to 50 cpm. Assume that, at this 
frequency, the column still operates in the mixer-settler region. Since 
equilibrium contact is assumed in both cases, the degree of separation 
obtained at the higher frequency should be less because of the effect 
of recycle. Figure 14 shows the solution of this problem. The separation 
obtained is drastically reduced. The required concentration of the 
aqueous feed stream is now 26.3 gm./liter as compared with 98 gm./liter 
for the same column operating at a pulse frequency of 22.3 cpm. which is 
the lower flooding point where recycle rate is zero. This change in 
as the pulse frequency is increased above the lower flooding limit is 
shown in Figure 15. 
Thus far equilibrium contact has been assumed. The actual efficiency 
of the column has yet to be evaluated. However, by making the equilibrium 
20 
<b(x,'y£) 
SOLUTE CONCENTRATION IN AQUEOUS PHASE (gm/liter) 
Figure 14. Solution to pulse column design problem in which the effect of 
recycle is considered. 
36 
100 
I 75t 
i-
< 
IE 
LJ 
o 
Z 
o 
o 
q 
IxJ 
1x1 
u-
= 
S 
3 
o 
< 
50 
25 
PULSE AMPLITUDE =£-in. 
COLUMN DIAMETER = 3-in. 
NO. OF STAGES =10 
PLATE SPACING = 3-in. 
AQUEOUS FEED = 800 cm^min. 
ORGANIC FEED =1085 cm^min. 
RAFFINATE ="5 gm/liter 
SOLVENT = I gm/liter 
_L X 
10 20 30 40 50 
PULSE FREQUENCY (cycles/min) 
Figure 15. Change in required feed concentration as a function of 
the pulse frequency. 
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contact assumption in all cases it is possible to investigate, from 
theoretical relationships, the effects of recycle alone on the operation 
of the pulse column. In addition, the theoretical model having 100 per 
cent efficiency provides a standard with which to compare experimental 
data. Other applications exist for the model. Relative effects of flow 
rates, plate spacing, and other variables can be studied. 
Stage efficiencies 
For an actual column operating in the mixer-settler region, equilib­
rium contact would not be expected. Hence, from a design standpoint, it 
is necessary to introduce the concept of stage efficiency. Figure 16 
shows a typical stage n for a pulse column operating in the mixer- settler 
region. The following material balance equations can be written around 
this stage: 
Upstroke: 
(G + 0Ru)yn_1 + (R,ARu)xn + Ajj^xn_1 = (G + 0^)% + Rx^ 
(G + OrJJu + (E-G-0Ru)yn = ^ n 
(25) 
Downstroke: 
(L + ARd)x 1^ + (E-0Rd)y^ + Oyr^i = (L + %)%n + %n 
(L + AR^ )xn + (R-L-AR^ )xn = RXQ 
(26) 
(27) 
For the case of equilibrium contact, these equations become: 
Upstroke: 
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ARU X„ (G + 0R(J ) Y„ (L+ARd)X„+| 0Rd Y„+, 
ARU x„„, (G + OR„) Yn_, (L+AR(j) x'n 0Rd Y„' 
Figure 16. Diagram of a typical stage in a pulse column. 
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(g + oj^mxn + (e-g-0^)% = ey^ (29) 
Downstroke. , 
L+AR (l + ard)x^1 + (e-og^)y^ + or^f^-i - A + E 
m 
yn* • (30) 
Now, for the case of non-equilibrium contact, stage efficiencies can be 
used. For a pulse column, two stage efficiencies may be defined, one 
for the upstroke and one for the downstroke. There is no reason to 
suppose that the two should be equal. The upstroke stage efficiency 
will be defined as: 
 ^
(31) 
where, yn* = 
so: yj = m <fux^ + (I- <fu)yn„i 
Substituting for yn in equations 28 and 29 gives, 
+ \Kn-l + + = + \> + k] 
(G+ %) [ m<funxn + ^ -^Un^n-l] + (E-G-°R^ )yn = Ey^ 
Similarly, the downstroke stage efficiency will be defined as: 
r  x ' ' - x  
^dn= (32) 
iti-1 
where yn = skx^* 
so: = (-sr) 7n + ^(f^) %-l 
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Substituting for xn in Equations 34 and 35 gives, 
<fdn(L + + (E-°Rd)yn + <L + A^) + E yn 
'  £ .  - ,  
<l + %) 1 (— y n  + (i- + (r-^a^ X  = r*n 
Certain terms in Equations 26, 2?, 28 and 30 will drop out, 
depending on which phase is discontinuous. If the light phase is dis­
continuous there will be no 0^ terms. If the heavy phase is discon­
tinuous there will be no tenus. 
The Emulsion Region 
The analysis of the pulse column which has been postulated for 
operation in the mixer-settler region was based on the assumption that 
each half-cycle of operation could be divided into two steps. First 
the dispersing of two unlike phases with the resulting interphase mass 
transfer and second, the mixing of two like phases of different concen­
trations. This assumption seemed plausible because of the separation of 
phases which occurs at the end of each half-cycle of the pulse generator. 
When a pulse column operates in the emulsion region, this separation 
of phases between pulses does not occur and therefore the concept of a 
two-step process does not appear to fit the physical situation. For 
this reason a different mechanism must be postulated for emulsion 
operation. In the emulsion region each half-cycle can be assumed to 
occur in a single step and equations to describe the operation of the 
column can be derived from material balances taken from the flow diagram 
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shown in Figure 17. 
In the emulsion region, the recycled liquid may consist of a mixture 
of aqueous and organic phases. The total amount of liquid recycled on 
each half-cycle is VR liters, of which AR liters is aqueous phase and 0^ 
liters is organic phase. Hence •% + 0^ = VR. By a material balance 
over stage n: 
Upstroke: 
VSi-l + + (G+ 0R)yn^ 1 + (E-G-0R)yn = ^  + K 
Downstroke: 
(L + AR)x f^l + Ogy^n + (E-0R)yn + (R-L-AR)Xn = Eyn + Rxn 
By a material balance over the bottom of the column from the contacting 
portion of the lower end section through stage n: 
(L + AR)x^ + 0#^! +Qys = I^ + Asxn+(G+ 0R)yn 
Similarly, material balances may be written around the top and bottom 
end sections. By combining the material balance equations with the 
equilibrium relations y = mx and y' = rax' (assuming equilibrium contact) 
the following two equations can be derived: 
C-) C-) 
«here, o< = m(& + + AB 
R + mE 
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Figure 17. Distribution, of phases in a pulse column operating 
in the emulsion region. 
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Xg = ~ 
+ 
~ 2 " 
Rg — Ar + m(Eg—G»Og) 
XB -
0/2 7s 
Rg «• AR + m(Eg—G*-0r) 
At the top of the column: 
ops -/ Xp = 
mG 
L 
mG 2(rp»°"vr£-»l ) i
These equations may be used for stage-to-stage calculations starting 
from the bottom of the column. If these two equations are combined to 
fora a finite difference equation, the solution of the equation with the 
boundary condition x^ = Xp when n = H + 1 yields a relation which can be 
used to determine the number of theoretical stages necessary to perform 
a given separation: 
/ / —n —k 
Xp = x^ a + K(l-a ) (33) 
where, 
- T É )  <  
R + mE 
L + Ajj + mOjj ) 
k = 
o< Xg(R + mE) + (L-°<)(Cfcrs - Lxg) 
(R + mE) — (l — + ÂR 4- mOjj) 
The values of x£ and x^ must be determined from material balances over 
the end sections of the column. 
Although equilibrium contact has been assumed in this analysis, the 
equation can be used to show the effect of the phase composition of the 
recycled liquid on the operation of the pulse column. Consider the 
following problem. 
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A 3-in. dla. pulse column has 5 stages, each 3-in. high. Boric 
acid is to be extracted from water using pure isoamyl alcohol (saturated 
with water) as solvent. The flow rate of the feed is to be 0.500 
liter/rain, and the flow rate of the solvent is to be 1.500 liters/min. 
The equation of the equilibrium line is y = 0.2$lx in terms of millimols/ 
liter. Pulse amplitude will be 1-in. and pulse frequency will be 50 cpm. 
Assume that the organic phase hold-up is 0.100 liter/stage for all stages. 
What must be the concentration of the aqueous feed if the raffinate from 
the column is to contain not more than 25 millimols of boric acid per 
liter and if: 
(1) recycle is all aqueous phase 
(2) recycle is 75$ aqueous and 25$ organic 
(3) recycle is 500 aqueous and 5°$ organic 
(4) recycle is 25$ aqueous and 75$ organic 
(5) recycle is all organic phase? 
The solution to the problem is shown in Figure 18, where the neces­
sary feed concentration is given as a function of the per cent of organic 
phase in the recycled liquid. The presence of recycle causes a decrease 
in the separation which would be possible of no recycle existed. However, 
this recycling of liquid cannot be avoided in the pulse column unless it 
is operated at the lower flooding point. 
If the two phases in each stage separated completely between pulses 
then, assuming the principal interface to be at the top of the column, 
all of the recycle would consist of aqueous phase, In the emulsion region, 
the organic phase does not rise to the top of the stage at the end of an 
upstroke, nor does all the aqueous phase settle to the bottom of the stage 
45 
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Figure 18. Change in required feed concentration as a 
function of the per cent organic phase in 
the recycle. 
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at the end of a downstroke. Hence, in the emulsion region the recycle 
consists of a mixture of both phases. The amount of each phase in the 
recycle will be a function of the physical properties which affect the 
degree of dispersion. 
From the results shown in Figure 18, organic phase recycle appears 
to be more harmful than aqueous phase recycle. The variation in aqueous 
phase concentration through the column for each case is shown in Figure 
19. Graphical solutions for parts 1 and 5 are shown in Figures 20 and 
21. Although the equilibrium line obtained from shake-up data for the 
system is used in deriving the equations which have been developed, its 
role in the graphical solution of the problem is completely different 
from the role which the equilibrium line plays in the graphical solution 
of a problem involving either a simple cocurrent or countercurrent 
extractor. 
If the problems shown in Figures 20 and 21 had been solved for the 
number of theoretical stages using only the end compositions and the 
method which applies to a countercurrent extractor, then the stages would 
have been stepped off between the over-all operating line and the equilibri­
um line. This latter method of calculation would have given considerably 
different answers. 
The graphical solutions given in Figures 20 and 21 show that it is 
theoretically possible for a pulse column to be operating in a pinched-in 
region even though this is not indicated by the ratio of the superficial 
flow rates to the column. The phase composition of the recycled liquid 
in the column alters the actual flow rate ratio which exists within the 
column and hence a change in this ratio would cause a change in the slope 
of the over-all operating line. 
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Figure 20. Graphical solution to problem of pulse column operating in the emulsion 
region; recycle is all aqueous phase. 
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PART (5) NO AQUEOUS PHASE IN RECYCLE 40 <n 
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yn = mxn 
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Figure 21. Graphical solution to problem of pulse column operating in the emulsion 
region; recycle is all organic phase. 
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equipment am) experimental techniques 
Before proceeding further with the theory it is necessary to 
describe the equipment which has been designed and the measuring and 
sampling techniques which were developed to carry out the experimental 
phase of the program. An over-all flow diagram of the equipment is 
shown in Figure 22. A photograph of the equipment is shown in Figure 
23. The specifications of the pulse column are: 
diameter - 3 inches 
plate spacing - 3 inches 
plate materials - aluminum and type 3°4 stainless steel 
hole diameters - 0.0025-in. and 0.04-0-in. 
number of stages - variable, up to 14 
frequency range - 13 to 120 cycles per minute 
amplitude range - 0 to 4 inches/cycle 
The column was constructed of short glass sections. The perforated plates 
were sandwiched between polyethylene gaskets and the entire assembly was 
held together in compression by four tie rods extending the length of the 
column. 
Aqueous and organic phases were fed to the column by Eastern Model 
D-ll centrifugal pumps and metered by rotameters. The principal interface 
was controlled by a valve in the aqueous effluent line unless the pulse 
generator caused excessive pulsation of the raffinate stream. In the 
latter case the raffinate was drawn from the column by a centrifugal pump 
and metered by a rotameter in the raffinate line. The pulse generator 
consisted of a 6-in. dia. stainless steel bellows driven by a variable 
speed drive through the gear box from a Lapp Pulsafeeder. The pulse was 
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Figure 22. Flow diagram of the pulse column and associated equipment. 
Figure 23. Photograph of the pulse column and associated equipment. 
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simsoidal. 
A packed tower was used as a stripping column to recover solute and 
solvent. The tower was ten feet high, four inches in diameter, and packed 
with -ç-in. berl saddles. Mo data were taken on the stripping column. 
The arrangement used for measuring hold-up in the pulse column is 
shown in Figure 24. By stopping all flow instantaneously, its contents 
were "frozen" at the end of an upstroke or a downstroke of the pulse 
generator. This was accomplished by installing a cock valve in each feed 
line and one between the column and the pulse generator, then providing a 
control lever with which all three valves could be closed at the same 
time. A solenoid valve in the rafilnate line was turned off at the same 
time the control lever was moved. Pressure relief valves were installed 
in the pulse line and in each feed line as a protective measure. 
The control lever was operated at the end of an upstroke or a down-
stroke of the pulse generator, closing the three cock valves and shutting 
off all flow to the column. The holes in the perforated plates were so 
small that no liquid flowed between the stages when the column was shut 
down, so the two phases separated and foraed a single interface in each 
stage. By means of a short-range telescope mounted on a vertical scale, 
the depth of the discontinuous phase layer could be measured. 
Stage efficiencies were determined by direct measurement of the con­
centration of interstage flow streams. The technique used for obtaining 
samples of the interstage flow streams is illustrated in Figure 25. A 
curved needle made from l/l6-in. stainless steel tubing was inserted 
through self-sealing rubber ampules in each stage of the column. The tip 
of the needle was machined so that it fit through one of the holes in the 
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56 
.PERFORATED PLA" 
JUBINI 
POLYETHYLENE 
GASKETS 
RUBBER AMPULE 
STOPPER 
RUBBER TUBING 
16 SS. TUBING 
PERFORATED 
PLATE 
Figure 25. Method of obtaining samples of the 
interstage flow streams. 
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perforated plate. 
A modified solenoid valve was used to allow the sample to flow out 
at the proper time. The valve was controlled by two micro-switches 
located on the pulse generator. These micro-switches operated a latching 
relay which turned the valve on and off at the beginning and end of the 
desired half-cycle. The solenoid valve could also be hand-operated by 
disabling the micro-switches. A diagram of the modified solenoid valve 
and its control circuit is shown in Figure 26. The resulting valve had 
a much smaller liquid hold-up. The sample was palled under a slight 
vacuum created by the squeeze bulb attached to the collecting bottle. 
Using this technique, a sample of the interstage flow stream could be 
taken as it left one stage but before it had reached the next stage. Both 
upstroke and downstroke samples could be taken. A photograph of the 
samples is shown in Figure 27. 
The recycled liquid consists entirely of the continuous phase as 
long as only one phase passes through the plate on one half-cycle. For 
example, with the light phase discontinuous the recycle on both half-
cycles consists only of heavy phase so long as no light phase is pulled 
back through a plate on the downstroke of the pulse generator. However, 
in the emulsion region, a two-phase mixture passes through the plates on 
each half-cycle and the phase composition of the recycle is not known. 
In order to use the theory proposed for a pulse column operating in the 
emulsion region the phase composition of the recycled liquid must be 
known. 
By using the sampler described above, a sample of the liquid entering 
a stage could be drawn off. If the column was operating in the emulsion 
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region, this sample consisted of two phases. The ratio, , of the two 
phases in the sample was used to find the phase composition of the enter­
ing fluid. For a downstroke of the pulse generator: 
T = L + V-£ where T = total volume of liquid entering the 
d 
stage per half-cycle 
Since the recycled liquid consists of two-phases: 
\ = \+\ 
Now: 
T = L + A +0 
\ Rd 
Rearranging, 
+ 1 
but the first term on the right is J , the aqueous to organic ratio so: 
t = %d a + ? ) 
then, 
ÏV -L 
= VR - °R = T+W 
The quantity Vg was calculated from Edwards' equation, L was known, and 
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S* measured, experimentally. 
Packed needles were used to obtain individual phase samples from the 
emulsion. Needles for taking an aqueous phase sample were packed with 
60-80 mesh aluminum powder until about the -§-in. of the tip end of the 
needle had been filled. Since the water phase strongly wet the aluminum, 
only water flowed through the interstices of the packing. Needles for 
taking a solvent phase sample were prepared the same way except that they 
were dipped in a solution of polyethylene dissolved in hot xylene then 
baked under an infrared lamp to remove the solvent, leaving a thin plastic 
film over the needle and the packing. The polyethylene was preferentially 
wet by the organic phase and only organic phase flowed through the inter­
stices of the polyethylene coated packing. 
A single phase sample was taken through a packed needle and a two 
phase sample was taken through a hollow needle. With such samples the 
concentration of each phase in the column at the point of sampling may 
be found by a material balance. 
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EXPERIMENTAL RESULTS 
Hold-up Studies 
Two systems, isoamyl alcohol-water and methyl isobutyl ketone-water, 
were used to study hold-up in the pulse column. The physical properties 
of these systems are given in Table 1. 
Table 1. Physical properties of two-phase systems (mutually saturated) 
used in hold-up studies 
System 
Density, 
(gnu/cm.-*) 
Viscosity 
(centipoises) 
Interfacial 
tension 
(dynes/cm. ) 
Isoanyrl alcohol 
Water 
Methyl isobutyl ketone 
Water 
0.814 
0.99 
0.802 
1.00 
3.9 
l.o 
0.59 
l.o 
5-9 
10.2 
The results of the hold-up studies showed that these systems exhibited 
very different behavior in the pulse column. 
The isoamyl alcohol - water system 
A series of runs was made near the lower flooding point to see if the 
hold-up of the discontinuous phase was numerically equal to the inter­
stage flow rate, per cycle, of the discontinuous phase. A six-stage 
column ,*as used with stainless steel plates perforated to 23/° free area 
with l/l6-in. holes. Water was made the discontinuous phase because the 
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water phase did not leak through the holes in the perforated plates when 
the column was shut off. Thus, the height of the water layer could be 
read with a traveling microscope after all flow to and from the column 
had been stopped. The results given in Table 2 show that in the immediate 
vicinity of the lower flooding point, the hold-up per stage was equal to 
the interstage flow, per cycle, of the water phase. For these conditions, 
the pulse frequency at the lower flooding point was I6.06 cycles/min. so 
the above relationship held over the range I6.06 cpm. to approximately 
25 cpm. 
The hold-up per stage decreased with increasing pulse frequency 
above the lower flooding point. The hold-up was essentially constant 
from stage to stage up to a pulse frequency of about 35 cpm. Above 
35 cpm. the hold-up increased with stage number down the column. At 
higher frequencies the maximum hold-up occurred consistently in stage 
number four. The total hold-up of discontinuous phase also exhibited a 
minimum point as the pulse frequency increased above the lower flooding 
limit. This is shown in Figure 28. 
If the flow rate of the discontinuous phase is too high, then the 
hold-up per stage may not be equal to the interstage flow at the lower 
flooding point, as shown in Table 3« In this run the flow rate of the 
discontinuous phase was increased from ?80 ml./min. to 1380 ml./min. All 
other conditions remained the same. The pulse frequency at the lower 
flooding point at the new flow rate is 25 çpm. and the run in Table 3 was 
made at a pulse frequency of 25.10 cpm. If the pulse frequency is too 
lew, the discontinuous phase may flaw through more than one plate per half 
cycle and the hold-up per stage may be less than the interstage flow. An 
Table 2. Hold-up measurements on a six-stage pulse column 
Pulse amplitude: %-in. 
Pulse 
frequency 17.86 19.29 20.10 30.31 39.22 50.21 59-41 70.00 78.95 
Stage number 
1 42.25 40.32 36.88 31.02 26.00 20.68 17.02 21.24 24.99 
2 42.87 40.36 34.86 29.68 25.72 26.70 28.95 31.33 32.78 
3 43.35 40.98 38.76 29.39 27.01 35-00 37.01 40.77 49-30 
4 42,.37 40.30 37.89 31.50 30.97 40.83 45.04 48.84 55.31 
5 41.13 38.20 38.76 29.60 29.37 36.46 39.98 42.06 48.20 
6 41.68 38.12 35.60 29.71 31.90 39.72 42.54 46.62 53.20 
Total 253.65 238.28 222.77 180.90 170.97 199.39 210.54 230.36 263.58 
Theoretical 
value (La/f) 43.64 40.49 38.99 26.10 20.32 16.03 13-17 11.34 9.96 
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Figure 28. Total hold-up of discontinuous water phase for the isoamyl 
alcohol-water system in a six-stage pulse column. 
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Table 3- Hold-up measurement on a six-stage pulse column at a water 
flow rate of 1380 ml./min. and pulse frequency of 25.10 
cycles/min. 
O 
Stage number Hold-up (cm. /stage) 
1 57.74 
2 60.15 
3 60.93 
4 61.33 
5 61.54 
6 62.11 
Theoretical 
value (Ls/f) 54.98 
example of this will be shown later (Figure 34). 
Since the solvent phase preferentially wet the plates, good dis­
persion of water into solvent was obtained but the dispersion of solvent 
into water on an upstroke of the pulse generator was very poor. In fact, 
no dispersion at all was obtained. The solvent phase passed through the 
water layer in rivulets and very little interfacial area between the two 
phases existed during the upstroke. 
In order to produce good dispersion in both directions, the tops of 
the perforated plates were mechanically polished to a high luster. As 
originally purchased, these plates had a 2-3 finish. The 2-3 finish is a 
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chemically etched surface which has been lightly rolled after etching to 
produce a satin appearance. It is the smoothest mill finish which can be 
obtained without mechanical polishing. Thus, the plates which had been 
mechanically polished on the top were essentially dual plates with a 
smooth, bright surface on top and etched, satin surface on the bottom. 
When viewed under a three-dimensional microscope, the plates had strik­
ingly different surfaces on top and bottom. The top of the plate was 
preferentially wet by the water phase and the bottom of the plate was 
preferentially wet by the solvent phase. 
The polished plates produced good dispersion in both directions. It 
was also possible, using the plates, to make the solvent phase discon­
tinuous and measure hold-up. The solvent phase did not leak through the 
holes in the plates after the column had been shut down. However, no 
hold-up data were recorded because the polished surfaces were not uniform 
from plate to plate. This effect could be avoided by having a uniform 
polished surface (No. 4 finish) put on one side of the sheet before it 
was perforated instead of trying to reproduce a polished surface on each 
plate by hand. 
Plates with the original 2-3 finish were again installed in the 
column and the number of stages increased to 14 to study the effect of 
column length on hold-up. A -|-in. pulse amplitude was used again. The 
flow rates were one liter per minute for each phase. The water phase was 
discontinuous (interface at bottom of column). Experimental data for this 
series are listed in the Appendix. These runs are plotted in Figures 29 
and 30. The hold-up per stage decreased with increasing pulse frequency 
up to 30 cycles/min. then began to increase. At 37.5 cycles/rain, a sharp 
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70 
1 1 i ! 1 r i—r 
s * i r I 
40- SYMBOL PULSE FREQENCY (CPM) 
• 30.5 
x 35.6 • 
o 45.0 
e 50.0 
• 63.8 
o 72.1 
• 82.8 
_L I _L 
5 6 7 8 9 10 II 12 13 14 
STAGE NUMBER 
Figure 30. Hold-up of discontinuous water phase for the isoamyl 
alcohol-water system in a fourteen-stage pulse column. 
71 
increase in the hold-up occurred and beyond 40 cycles per minute two 
series of hold-up curves were obtained. In one series, shown in Figure 
29, the hold-up rose very rapidly, reaching a maximum in the vicinity 
of stage six and then decreasing again toward the bottom of the column. 
The stage in which the sudden increase in hold-up occurred could 
be found easily by observing the column in operation. In this stage a 
"secondary" interface could be seen. The line was very sharply defined 
and was produced by the difference between the size of the droplets of 
dispersed phase and the number of droplets above and below this point. 
The emulsion below the secondary interface was composed of a high density 
of small droplets of approximately equal size. Above this "interface" 
there was a much lower density of droplets and the droplets were larger 
and irregular in size. The line could be seen moving up or down the 
column after start-up. For the runs shown in Figure 29 this secondary 
interface usually rose above its final resting place then settled back 
down very slowly. 
If the secondary interface rose up above the top plate in the column 
and remained there, a hold-up distribution of the type shown in Figure 3° 
resulted. The column was run continuously for ten hours on three occasions 
in an attempt to determine which type of distribution was the more stable. 
During these long runs the hold-up would follow one type of curve for 
about two hours, then shift so that it followed the other type of curve 
for about two hours. The high hold-up distribution appeared to pre­
dominate, although there was not sufficient evidence to make a definite 
statement as to which type of distribution was the more stable. 
The position of the secondary interface was extremely sensitive to 
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the flow rate of the continuous solvent phase. A small variation of the 
solvent phase flow rate would cause the secondary interface to move up or 
down when the hold-up distribution curve was convex as in Figure 29* 
Another series of runs was made at a lower flow rate of the water 
phase. The stagewise hold-up data for these runs are presented in Figure 
31. Again a sharp increase in the hold-up of the discontinuous phase was 
found. In this case the break occurred at a pulse frequency of about 68 
cycles-min. The discontinuities in the hold-up curves are more obvious 
in Figure 32 where the total hold-up of water phase in the contacting 
section is plotted against pulse frequency for both sets of alcohol-water 
runs. The break in each curve occurs at approximately the same total hold­
up in the column. 
The methyl isobutyl ketone - water system 
A second system, the methyl isobutyl ketone-water system was also 
used to study hold-up in the pulse column. The pulse amplitude was kept 
at Y-in. and the flow rates for each phase were again 1 liter/min. The 
organic phase was continuous. The stagewise data for this series of runs 
is presented in Figure 33* At a fixed frequency, the holcUup per stage 
was essentially constant down the column at low pulse frequencies. Above 
50 cycles/min. the hold-up per stage increased in the lower stages of the 
column. The total hold-up of discontinuous phase in the contacting por­
tion of the column is given in Table 4 for pulse frequencies from 25 
cycles/min. to 90 cycles/min. The total hold-up of the discontinuous water 
phase passed through a minimum at about 50 cycles/min. 
The hold-up data from two extraction runs are given in Figure 3^« 
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Table 4. Total hold-up in contacting portion of the pulse column 
at various pulse frequencies 
Pulse frequency Total hold-up 
(cycles/min.) (cm.3) 
25 640 
30 538 
50 362 
70 364 
90 434 
The organic phase was dispersed. At the low pulse frequency of 13-3 
cycles/min. the hold-up per stage was lower than the interstage flow, 
per cycle, of the dispersed phase. This happens when the pulse fre­
quency is low with respect to the free rise time of the droplets of dis­
persed phase or when the pulse amplitude is high enough to force the 
droplets to rise too rapidly in comparison with the time required for 
a half-cycle of the pulse generator. The droplets do not all coalesce 
under the plate at the top of the stage. Instead, some of them pass 
through this plate and on to the next stage. The run illustrates one 
limitation to the theory which has been presented and also explains why 
the assumption was made in the derivation that the fluid passes through 
only one stage per half-cycle of the pulse generator. 
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Discussion of Hold-up Data 
At most operating conditions studied, the hold-up in the column was 
very different for the two systems. The hold-up curves for the isoamyl 
alcohol-water system showed a sharp break which was not found with the 
methyl isobutyl ketone-water system. The hold-up was generally higher 
for the alcohol-water system. This higher hold-up was to be expected 
with the alcohol system because the interfacial tension was low and the 
viscosity of the continuous phase was relatively high for the types of 
organic solvents generally used in liquid extraction work. 
The sudden increase in hold-up observed in the alcohol-water system 
appeared to be an elutriation effect. As the pulse frequency was increas­
ed, drop size decreased. The hold-up in the column began to increase and 
this increase in hold-up was more rapid in the lower stages of the column. 
At hi^ier frequencies the region of high hold-up shifted up toward the 
center of the column. The size of many of the droplets became equal to 
or slightly less than the diameter of the holes in the perforated plates 
and less coalescence and redispersion of the drops occurred. 
As the hold-up increased in the bottom portion of the column, 
hindered settling began to take place. Finally the over-all force tend­
ing to cause the smaller drops to fall became equal to the buoyant force 
on these drops. A secondary interface formed. The drops appeared to 
behave much the same as the resin particles in an ion exchange column 
when it is back-washed. The appearance of two sets of curves after the 
break in the first series of alcohol-water runs was probably caused by 
variations in the continuous phase flow rate. A small variation in this 
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flow rate was inevitable since the continuous solvent phase line had some 
pulsation in it and the solvent was fed with a centrifugal pump. This 
flow rate was watched more closely in the second series of runs and only 
one line appeared after the break in the hold-up curve. 
The maximum hold-up in any single stage in the alcohol-water runs 
was approximately 200 ml. After this hold-up had been reached, an in­
crease in pulse frequency had little or no effect on the hold-up in the 
top few stages of the column. Instead, the hold-up began to increase 
in each of the lower stages. The value of 200 ml. per stage was very 
close to the volume necessary to cause phase inversion in the stage and 
some difficulty was experienced with phase inversion during the approach 
to steady-state for runs made at a high pulse frequency. The behavior 
exhibited by the alcohol water system might be expected for any system 
with a low interfacial tension and a high continuous phase viscosity. 
Dispersion was more difficult in the ketone-water system than in 
the alcohol-water system. Again this was to be expected from the higher 
interfacial tension between the liquids and from the low viscosity of the 
continuous ketone phase. The hold-up decreased with increasing pulse 
frequency over a greater range above the lower flooding point. Drop 
size did not appear to be materially affected by an increase in the 
pulse frequency. In fact, the drop size appeared to increase at first, 
then decrease slightly as the frequency was increased above the lower 
flooding limit. 
As the pulse frequency decreased the difference in behavior of the 
two systems became less. Over a given range of flow rates the hold-up 
for both systems became equal to the interstage flow of the discontinuous 
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phase for pulse frequencies at or near the lower flooding point. There 
are two limits to this hold-up relationship which has been shown to 
exist near the flooding point. First the amplitude-frequency combination 
must not be such that the discontinuous phase flows through more than one 
stage per half-cycle of the pulse generator. Second, the flow rates must 
not be so high that, due to dispersion, the hold-up at the lower flooding 
point builds up beyond a value equal to the volume of the interstage flow 
of the dispersed phase. Cases in which both of these limiting phenomena 
occur have been demonstrated experimentally. 
Extraction Studies 
Extraction runs were made in the pulse column to study the operation 
of the column in the light of the theory which has been proposed. Runs 
were made at different operating conditions to test the various sampling 
techniques and to determine upstroke and downstroke stage efficiencies. 
The results of these tests provided information which illustrated the 
application of the theory and which served to outline a pattern for 
future work. The system: methyl isobutyl ketone - acetic acid - water 
was used. 
The first series of runs was made with the water phase dispersed 
since no perforated plates were available which would disperse the 
solvent phase properly and still permit hold-up to be measured after 
the column was shut down. The plates were coated with a polyethylene 
film formed by dipping the plates into a solution of polyethylene dis­
solved in hot xylene, then baking the plates under an infrared lamp. The 
solvent phase strongly wet these plates. The pulse amplitude was f-in. 
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and the flow rates were 990 ml. /min. for the solvent phase and 1046 
ml./min. for the water phase. The concentration of acetic acid in the 
aqueous feed was 1$0 gm./liter. The column was permitted to run until 
at least 5 changeovers of the continuous phase had passed through the 
column. 
The organic phase was continuous and the discontinuous water phase 
settled to the bottom of each stage between strokes so that only organic 
phase passed through the plates during an upstroke of the pulse generator. 
Stagewise samples of the upstroke streams were taken automatically by 
placing needles through the perforated plates and operating the solenoid 
valves with the micro-switches on the pulse generator. These were the 
samples labled yn. Samples of the discontinuous water phase were taken 
during a downstroke by inserting needles from the bottom of the plates 
and operating the solenoid valve manually to prevent entrainment of the 
organic phase recycle into the needle. These were the samples labled x^. 
Finally, stagewise samples of the water phase were taken at the end of an 
upstroke by placing csmpling needles in position at three to five stages 
in the column, stopping all flow to the column at the end of an upstroke 
and operating all the solenoid valves simultaneously as soon as the 
column was shut off. The time required for this operation was less than 
five seconds. These were the samples labeled xn. 
After samples of the effluent streams were taken and flow rate 
measurements were made, the column was stopped by turning the control 
lever at the base of the column. Hold-up measurements were taken with 
the traveling microscope. The solvent was stripped to recover solvent 
and acid. Feed solution was prepared for the next run using raffiliate 
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from the stripping column. This water contained the acid recovered by 
stripping the solvent from the test column and was also saturated with 
the organic phase. 
The data were smoothed and upstroke and downstroke stage efficiencies 
calculated. The experimental data for one of these runs is shown in 
Figure 35» The hold-up curves are shown in Figure 36. 
Stage efficiencies were calculated from the defining equations. 
The downstroke stage efficiency was defined as: 
The value of was obtained from direct experimental measurements. By 
a material balance, 
Lnxn + (R-L)j^ = R%n 
The value of xa* was determined from the equilibrium curve as the x 
concentration in equilibrium with yn, or yn = 
By definition, the upstroke stage efficiency was: 
£ •»- (3D 
The concentration, y^i, was measured by direct sampling of the 
column. The value of yn* was read from the equilibrium curve since 
83 
150 
140 
130 
120 
110 
100 
90 
< 
80 
70 
60 
50 
40 
30 
Symbol Stream 
20 
PLATE NUMBER 
Figure 35- Plot of smooth curve drawn through experimentally 
determined stagewise concentration data. 
84 
50 r i—i—r 
45-
40-
uu 
«§ 35 f 
<n 
1 
wW 
V) 
5 
CL 
g 25F 
S 
2 
o 20f-
0 
en 
Q 
I" 1 Q 
i 
AMPLITUDE-1/2-IN SYMBOL PULSE FREQUENCY 
AQUEOUS FUOW RATE» 1046 ML/MIN 0 24.88 CPM 
ORGANIC FLOW RATE»990ML/MIN 
WATER PHASE DISCONTINUOUS 
POLYETHYLENE-COATED PLATES 
_L i 
© 
x 
J L 
30.03 CPM 
49.88 CPM 
90.50 CPM 
J I L 
5 6 7 8 9 10 
STAGE NUMBER 
Il 12 13 14 
Figure J6. Hold-up of discontinuous water phase for extraction 
runs using the methyl isobutyl ketone-acetic acid-
water system. 
85 
3Fn* = rax^. 9y a material balance, 
(G + %)n-l^n_l + Vn = <G + \>n 
7n = ynml + ( ) <xn " 4) 
X 
The subscript was dropped from the term (G + 0^) since no water phase 
was recycled on the upstroke of the pulse generator and, 
(G + \)*.l = (0+ Oj^Jn = (G + 0^)^, etc. 
Four runs were made at nominal pulse frequencies of 25 , 30, 50, 
and 90 cycles/min. Only hold-up data could be obtained for the run at 
90 cycles/min. The layer of discontinuous water phase in each stage 
became so small that samples could not be taken without entraining 
organic phase in the needle. Stage efficiencies for the first three 
runs are presented in Table 5« 
The variation in stage efficiency from stage to stage in Table 5 
should not be considered as representing a trend to increase or decrease 
along the column because the key concentration measurement necessary in 
separating upstroke and downstroke stage efficiencies was not considered 
accurate enough to draw this conclusion. This key concentration was the 
value of XQ. Three concentrations, yn, x^, and xn were measured by direct 
sampling of the column. Samples for determining yn and x^ were taken 
from the column while it was at steady state. The sample from which the 
concentration x_ was found was taken from the column immediately after it 
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Table 5- Upstroke and downstroke stage efficiencies for a pulse column 
at various pulse frequencies 
System: Methyl isobutyl ketone-acetic acid-water 
Aqueous flow rate = 1047 ml./min. 
Organic flow rate = 990 ml./min. 
Pulse amplitude = -§--in. 
Discontinuous phase = water 
Plates = polyethylene coated 
Pulse frequency 
(cycles/min. ) 24.88 30.30 49.88 
Stage number <fd* u^n 
1 9.83 4.05 10.07 1.57 16.50 2.00 
2 9.69 4.39 10.12 1.6? 15.02 2.23 
4 9.36 5.27 10.35 1.93 13.82 2.54 
6 8.90 6.23 9.73 2.22 12.12 2.87 
8 8.2? 7» 24 9.08 2.52 11.19 3.32 
10 7.47 8.23 7.99 2.89 10.98 3.90 
12 6.36 9.24 8.68 3.20 8.67 4.48 
14 5-38 10.30 8.52 3-37 4.50 5.18 
had been shut down. This may have introduced some error into the 
measurement and any small error was significant in this case because 
of the small difference between and x^. The experimental results 
of these latter measurements are shown in Table 6. An average value of 
the concentration difference between xQ and x^ was used for each run and 
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Table 6. Difference between experimental values of x_ and x/ in 
gra./liter. 
Pulse frequency (cpm) 24.88 30.03 49.88 
(%2 - 0.79 
u, - xp 1.82 0.70 
(%2 - *3) 1.55 
(x6 " x6) 
0.76 
^ 1.65 0.62 
0.35 
(Xy - Xy) 1.68 0.92 1.76 
Average 1.70 0.75 1.10 
this value was assumed to be constant from stage to stage. For this 
reason the results shown in Table 5 should be interpreted to give an 
order of magnitude for the stage efficiencies, and not a test of the 
variation of stage efficiency with the position of the stage in the 
column. 
The three runs described above are plotted in Figures 37, 38, and 
39 • The double operating lines and double stage lines were not drawn 
since they would be only slightly separated because of the low stage 
efficiencies which were obtained. 
The end effect at the bottom of the column was large. Part of the 
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Figure 37 « Diagram of extraction ran at a pulse frequency of 24.88 cycles/min. 
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Figure 38. Diagram of extraction run at a pulse frequency of 30 cycles/min. 
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Figure 39. Diagram of extraction run at a pulse frequency of 49.88 cycles/min. 
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bottom end effect can be explained by the physical construction of the 
column. The column was originally designed to have the light phase 
dispersed and a perforated plate inlet distributor was placed at the 
bottom of the column. When the heavy phase was made the discontinuous 
phase, fresh solvent as continuous phase was sprayed into the bottom end 
section at a constant rate during both half-cycles. 
The separation performed by the contacting section of the column 
remained approximately constant for all three runs. However the sepa­
ration, based on the compositions of the inlet and outlet streams de­
creased with increasing pulsation. A dotted line has been drawn on 
Figures 37, 38, and 39 between the two points representing the end com­
positions of the column. This would be the approximate position of an 
operating line used for determining the number of theoretical stages by 
the McCabe-Thiele method. In the present case the over-all operating 
line moved upward from this dotted line as the pulse frequency was 
increased. Sufficient data were not taken to permit an analysis of the 
end sections but the change in position of the operating line was probably 
due to the unequal effect of recycle in the end section as compared with 
the recycle effect in the stages of the column. The feed stream to the 
top end section was fixed and its concentration unaffected by the operating 
conditions of the column. Similarly the composition of the solvent stream 
into the bottom end section was not affected by operating conditions set 
for the column. 
The shift in the position of the operating line in relation to a 
line through the end product compositions can also be seen in the theo­
retical problems presented in Figures 10 and 14. These results show the 
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the need, for a careful study of the end sections of the column and future 
work should be planned so that the end effects may be investigated more 
thoroughly. 
Karr and Scheibel (11) studied the methyl isobutyl ketone-acetic 
acid-water system in a Scheibel column. They reported that the mass 
transfer coefficients for the case of ketone dispersed-ketone extractant 
were about three times as high as for the case water dispersed-ketone 
extractant. Low stage efficiencies were obtained in the first three runs 
described above. Methyl isobutyl ketone was made the discontinuous phase 
for the next run in order to obtain higher stage efficiencies. Since the 
polyethylene coated plates would not disperse the solvent phase, new 
plates were used. The new plates were cut from the same perforated 
stainless steel sheet used for the polyethylene plates. The new plates 
were cleaned with trichloroethylene, soaked overnight in a hot trisodium 
phosphate solution, and thoroughly washed with distilled water. The 
cleaned plates were then passivated by placing them in a 5$ solution 
of warm nitric acid. 
It was known from previous plate-wetting studies that these plates 
would disperse the solvent phase satisfactorily. It was also known that 
the discontinuous solvent phase would leak through the holes in these 
plates after the column was stopped so that no hold-up measurements 
could be made. On the basis of results derived from the hold-up studies, 
a set of operating conditions was estimated that would produce a stage-
wise hold-up equal to the interstage flow per cycle and this theoretical 
hold-up distribution was used in calculating the stage efficiencies. 
Since volume changes occurred for this system, the change in hold-up per 
X 
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stage was assumed to be proportional to the concentration change of the 
discontinuous phase. Pulse amplitude was %-in. Pulse frequency was 16.8 
cycles/min. Feed and solvent flow rates were 540 ml./min. and 912 ml./min. 
respectively. Calculated stage efficiencies are given in Table ?• The 
column was operating at a point just above the lower flooding limit. This 
run is plotted in Figure 40 where the double stage lines and double oper­
ating lines are shown. Again the variation in stage efficiency from one 
stage to the next may not indicate an actual trend because the samples 
from which a value for y^ was calculated were taken after the column had 
been shut down and the data were somewhat erratic. The downstroke stage 
efficiency was lower than the upstroke stage efficiency. This was con­
sistent with the results of the three runs where water was the dispersed 
phase and where the upstroke stage efficiency was lower than the down-
stroke stage efficiency. The stage efficiency, then, is lower when the 
wetting fluid passes through the plates than when the non-wetting fluid 
passes through the plates or, as a general corollary, the stage efficiency 
is lower on that half-cycle of the pulse generator in which the continuous 
phase goes through the plates. 
Another set of plates was made to obtain still higher stage efficien­
cies. The plates were made of aluminum so that they would be preferential­
ly wet by the water phase. Sixty-one holes 0.040-in. in diameter were 
drilled in each plate. The free area of a plate was 1.33^• The flow-
rates were 289 ml./min. and 489 ml./min., respectively for the feed and 
the solvent. Pulse amplitude was 0.39-in. Because of the small free 
area of the plates, the velocity of the dispersed solvent phase was so 
high that no interstage samples of the dispersed phase could be taken. 
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Table 7« Upstroke and downstroke stage efficiencies for an extraction 
ran with the solvent dispersed 
Stage number 
2 27.10 6.46 
4 23-53 6.67 
6 20.10 6.68 
8 19.65 6.91 
10 20.38 6.95 
12 23.40 7.31 
14 25.92 7.60 
When the pulse frequency was low enough to obtain a solvent layer thick 
enough to sample, the column flooded. Increasing the pulse frequency 
caused excessive dispersion of the discontinuous phase and it did not 
settle out between strokes of the pulse generator. 
A second run was made using the aluminum plates. The column was 
operated in the emulsion region at a pulse frequency of 29.4 cycles/min. 
Interstage samples could not be taken because the packed needles which 
were used for sampling did not function properly. Only one phase was 
drawn from the two-phase mixture. However, this phase reached equilibri­
um with the surrounding liquid. The concentration value obtained using 
a packed needle, then, was an equilibrium concentration and did not repre-
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and operating lines. 
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sent the true concentration of that phase in the column at the point from 
which it was taken. The liquid was pulled through the needle so slowly 
that it reached equilibrium with the other phase before it entered the 
packing of the needle. The ratio of phases in the interstage flow 
streams, as determined from the two-phase samples taken through hollow 
needles, was also found to be in error. These last two runs yielded less 
information than had been anticipated. However, the information obtained 
will be useful in planning future work. The composition of the inlet and 
outlet streams are presented in Table 8. 
Table 8. End compositions in gm./liter for runs with aluminum plated 
having small diameter holes 
Pulse frequency (cpm) Feed Solvent Extract Raffiziate 
13.3 137.52 0.67 69.43 9.08 
29.4 137.86 2.59 67.96 19.69 
The hold-up measurement for the run at 13-3 cycles/min. was used in 
Figure 34 as an example of a case in which the dispersed phase passed 
through more than one plate per half-cycle of the pulse generator. 
The experimentally measured composition of the interstage flow 
leaving a stage n on the upstroke of the pulse generator is shown in 
Table Two phase samples were taken with a hollow needle and the 
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Table 9* Experimental measurements of the phase composition of the 
liquid leaving a stage on the upstroke of the pulse generator 
Stage number $ Water $ Solvent 
2 74.60 25.40 
4 68.28 31.80 
6 65.50 34.50 
8 64.25 35-75 
10 63.00 37.00 
12 61.80 38.20 
14 60.60 39-40 
volume of each phase was measured. For the conditions under which the 
column was operating, at least 41.67^ of the liquid leaving the top of 
stage one must have been organic phase or the column would have flooded. 
At the top of the column, the minimum amount of solvent phase in the 
interstage flow stream must have been slightly greater than 41.67^ to 
account for a small increase in volume as the solvent passed through the 
column. These figures are minimum numbers calculated from the net flow 
of solvent which must have been maintained through the column. Since 
operation was in the emulsion region where solvent was also recycled on 
the downstroke, the per cent of solvent phase in the upstroke interstage 
flow could have been greater than the minimum value of 41.6?^. 
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Although the measurements shown in Table 9 are incorrect, the data 
are not erratic. The points form a smooth curve and this suggests the 
very definite possibility that a correction factor could be determined 
to account for the preferential wetting of the sample needle by the 
water phase. 
Discussion of Extraction Studies 
Sampling techniques 
The key concentration measurement necessary to determine a separate 
stage efficiency for the upstroke and the downstroke in a column where 
the heavy phase is discontinuous and the two phases separate between 
pulses is the concentration x^. The concentration, x^,, of the discon­
tinuous phase at the end of a downstroke half-cycle must be measured by 
internal sampling of a stage as contrasted with a sample taken to measure 
x^. A sample for measuring x^ can be taken as the stream of concentration 
passes through a plate and down into the next stage during a downstroke 
of the pulse generator. However, very little time is available during 
each cycle when an xQ sample can be taken. The sample must be drawn at 
the end of a downstroke after the liquid has settled to the bottom of the 
stage but before light phase is dispersed into it when the upstroke half-
cycle begins. 
In order to take an x^ sample while the column is operating at steady-
stage the sampling needle must be inserted through the bottom of the plate 
and a small amount of liquid drawn off at the end of each downstroke until 
a sample of sufficient size for analysis has been accumulated. If the 
layer of discontinuous heavy phase is too thin, the solvent phase just 
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above the interface is entrained in the needle and two phases are 
obtained. There are four methods of attack for obtaining the desired 
sample: 
(1) Stop the column at the end of a downstroke of the pulse 
generator and take samples of the discontinuous phase 
immediately. 
(2) Adjust the flow rate of the discontinuous phase so that 
a sufficiently deep layer is obtained in the stage to 
prevent entrainment of the continuous phase. 
(3) Take the sample with a packed needle so that only one 
phase will pass through the packing into needle. 
(4) Deliberately pull a series of samples containing both 
phases in different volume ratios, analyze the concen­
tration of the discontinuous phase in each sample, and 
extrapolate back to zero volume of the unwanted continuous 
phase. 
The first method has been tried and found to yield somewhat erratic 
results, although part of the difficulty was due to the small differences 
between the concentration of the discontinuous phase at the end of an up­
stroke and the end of a downstroke for the cases studied. The second 
method may be used over a limited range of operating conditions for the 
pulse column. As the discontinuous phase flow rate is increased to 
obtain a heavier layer in each stage, the pulse frequency must be in­
creased correspondingly to prevent the column from flooding. If the 
frequency is increased too far the dispersed phase will no longer coa­
lesce between strokes. 
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The frequency at -which coalescence between strokes begins to 
decrease will be dependent upon the system under study, the wetting 
characteristics of the plates, the diameter of the holes in the plates, 
the per cent free area of the plates, and the plate spacing. The plate 
spacing affects coalescence because the rise or fall time of the dis­
continuous phase as it passes through the stage sets the pulse frequency, 
or the time between strokes, necessary for the liquid to reach the far 
end of the stage so it can coalesce. The plate variables are closely 
interrelated and play an important part not only in determining the 
hold-up behavior in the column but also the mass transfer rates. The 
physical dimensions of the column components are more critical at low 
frequencies than at high frequencies. 
The third method may be used regardless of the size of the layer of 
the discontinuous phase if a satisfactory porous packing can be found to 
place in the end of the sample needle. The operation of the packed 
needle can be shown by a force balance over the tip of the sampling 
needle (17). If the size of the capillaries in the packing is small, 
the liquid which preferentially wets the packing will flow through but 
the interfacial film separating the two liquids will block the capillaries 
and prevent flow of the non-wetting liquid. If the pressure against the 
needle is too large, then this film will be broken and both phases will 
flow through the packing. At equilibrium, a balance of forces exists. 
If the entrance to one of the capillaries is circular with diameter d^, 
the resisting interfacial force is TT- d^ cr , where <s~ is the inter-
facial tension between the two liquids. The force tending to break this 
film is the product of the cross-sectional area of the capillary and the 
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2 
pressure, or ^  7T d@ p. Therefore, at equilibrium, 
77 dgO" = " 
do P 
Only one phase will flow through the packing if this pressure, p, is not 
exceeded. 
The packed needles used in this work were packed with 60-80 mesh 
aluminum powder. The shape of the packing was irregular. Although 
needles were made which drew only one phase from a two phase mixture, 
the sample had to be drawn very slowly. Porous plugs have been used 
successfully in sampling extraction columns where the sample can be 
drawn continuously (7). Sampling is more difficult in the pulse column. 
The liquid must be drawn off at a certain point with respect to time. 
The concentration at the point at which the sample must be taken under­
goes a cyclic variation with time. Eence, liquid can flow through the 
sampling needle only part of the time when a sample is collected at a 
given point during the cycle. During the rest of the cycle a stagnant 
film of the wetting phase is held over the end of the sampling needle 
and is exposed to a concentration gradient which will cause mass transfer. 
The error caused by this exposed film on the end of the needle becomes 
greater as the amount of liquid pulled through the needle on each half-
cycle decreases. 
The pressure drop which can be maintained to cause flow through the 
needle is limited, as shown above. A packing material of more uniform 
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porosity would provide a larger number of the proper size capillaries 
and would thus provide a faster rate of flow through the needle. 
The fourth method of sampling is the surest, although more work is 
required to obtain a given concentration in the column. This technique 
could be applied while other methods are being developed and operating 
conditions for the column can be selected so that at least two different 
techniques may be employed as a cross-check during the development of an 
adequate sampling technique. 
The needle which was used for measuring the volume of each phase in 
the interstage flow stream during emulsion operation was preferentially 
wet by the water phase. This caused an abnormally high volume of water 
to enter the sampling needle and produced incorrect measurements. This 
error may be corrected by calibrating the needle to account for the pre­
ferential wetting. Calibration measurements could be carried out in a 
beaker in which known volumes of each phase have been mixed to produce 
a uniform emulsion. 
Another way of calibrating the needle would be to take samples from 
a pulse column operating in the transition region between mixer-settler 
and emulsion type operation. As the pulse frequency is increased beyond 
the lower flooding point, the two phases do not settle out between pulses. 
If the light phase is discontinuous, two phases will pass through the 
plates on the upstroke and one phase will pass through the plates on a 
downstroke of the pulse generator. As long as the pulse frequency is 
kept low enough that only one phase passes through the plates on a down-
stroke, the phase composition of the total interstage flow on the upstroke 
half-cycle must be equal to the interstage flow rate of the light phase 
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plus the heavy phase recycle. This interstage flew stream may be sampled 
and the wetting correction determined by comparison of the measured phase 
ratio with the calculated flow ratio. The phase ratio may be changed by 
changing the pulse frequency. 
Stage efficiencies and recycle 
In general, the stage efficiency for that half-cycle during which the 
non-wetting phase passed through the plates was the higher of the two. The 
stage efficiencies for the other half-cycle were considerably lower. If 
plates were available which would disperse both phases, the performance 
of the column could be improved. Here, then, is some justification for 
the use of dual plates as described by Sege and Woodfield (15). An 
obvious selection for the two materials would be metal and plastic. These 
could be two sheets of material placed back to back and oriented so that 
each plate faces its wetting liquid. They could be metal plates coated 
on one side with a plastic film similar to the polyethylene film used in 
this work, or they could be metal plates with different surfaces on each 
side like the polished stainless steel plates described earlier. 
This problem of phase composition of the interstage flow streams 
during emulsion operation may possibly be solved in the future without 
resort to difficult sampling techniques. The phase composition can al­
ready be determined at pulse frequencies from the lower flooding point 
up to the point where two phases pass through the plates on both half-
cycles. When the pulse column is operating at steady-state in the 
emulsion region a stoichiometric relationship must still exist over a . 
complete cycle of the pulse generator. Further study of the theory of 
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the pulse column may show that, at high pulse frequencies, a saturation 
effect occurs and the phase ratio of the two liquids which flow through 
the plates on each half-cycle tends to become constant and independent 
of the pulse frequency or that some predictable relationship exists at 
frequencies near the upper flooding limit. 
A careful distinction must be made between the stage efficiencies 
defined in this work for the pulse column and the more common Moiphree 
stage efficiency. A higher Murphree stage efficiency gives an indication 
that a greater degree of separation can be effected. However, using the 
two stage efficiencies defined for the pulse column, a higher stage 
efficiency does not in itself indicate that greater separation can be 
effected. The composition of the products from the pulse column is 
affected by both the stage efficiencies and the recycle rate. For two 
given pulse frequencies, the separation obtained at the lower frequency 
may be greater than the separation obtained at the higher frequency, 
even though the stage efficiencies may be higher at the higher fre­
quency. This phenomenon may well explain the data obtained by the 
author in this work and in previous work (3) and also by Chantry et al. (4). 
In all three cases the degree of separation obtained with the methyl 
isobutyl ketone - acetic acid - water system decreased with increasing 
pulse frequency. The data reported in the literature on most other 
systems showed that the over-all effectiveness of the column first in­
creased with increasing pulse frequency, went through a maximum, and 
then decreased as the pulse frequency was raised still higher. In 
particular, this latter effect was obtained by Cohen and Beyer (5) for 
the system isoamyl alcohol - boric acid - water. 
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The results of the hold-up studies with the isoarayl alcohol - water 
system and the methyl isobutyl ketone - water system showed that hold-up 
increased quite rapidly with increasing pulse frequency. This would 
provide better stage efficiencies. The hold-up decreased with increasing 
frequency for the ketone - water system then went through a minimum and 
increased slowly. Hence the increase in stage efficiencies with increas­
ing pulse frequency was rapid enough to overcome the recycle effect in 
the isoamyl alcohol - boric acid - water runs reported by Cohen and Beyer 
but the increase in stage efficiencies with increasing pulse frequency 
was not sufficient to overcome the recycle effect for the methyl isobutyl 
ketone - acetic acid - water system. 
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CONCLUSIONS AND RECOMMENDATIONS 
(1) By assuming the operation of a pulse column to be a stagewise 
process a theory was developed which explained some of the data 
which have been reported for the pulse column and which predicted 
other phenomena which had not yet been observed and reported. From 
this theory a design method was derived and illustrated by problems 
and by experimental data. This represents the first over-all theory 
of the pulse column which has been reported. From this theory a 
design method was proposed which utilized double operating lines 
and double stage lines across which stages could be stepped off 
as in a McCabe - Thiele diagram. 
(2) For the two systems studied and for any system in general, the 
hold-up per stage of the discontinuous phase is numerically equal 
to the interstage flow, per cycle, of the discontinuous phase at 
the lower flooding point, this relationship being subject to two 
limitations. First, the discontinuous phase must not pass through 
more than one stage per cycle of the pulse generator. Second, the 
flow rates must not be so high that excessive dispersion causes the 
hold-up to increase to a point beyond the theoretical value. This 
relation was first predicted by the theory and then proven from 
experimental data. 
(3) As the pulse frequency was increased above the lower flooding point, 
the hold-up per stage in the column was shown to decrease then in= 
crease. This decrease in hold-up was also first predicted by the 
theory and shown from experimental data. 
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A stage efficiency -was defined for each half-cycle of the pulse 
generator. These stage efficiencies were defined independent of 
the effect of recycle so that the two effects could be separated. 
It was possible for the stage efficiencies to increase with in­
creasing pulse frequency even though the over-all separation per­
formed by the column decreased because of the effects of the recycle. 
Stage efficiencies were shown to be lower during that half-cycle 
in which the wetting fluid passed through the plates. The oper­
ation of the column could probably have been improved by using 
dual plates with each material facing the phase which preferentially 
wets it. 
Sampling techniques were devised by which interstage samples could 
be withdrawn from the column when it was operating in the mixer-
settler region. Hollow needles were forced through rubber ampule 
covers in the side of the column and inserted into one of the 
holes in a perforated plate. The time during which liquid flowed 
through the needle was controlled by micro- switches on the pulse 
generator. These micro-switches operated a specially constructed 
solenoid valve in the sampling line. 
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ÎKDMESKLATUSS 
A = cross-section area of column, cm . (with no subscript) : heavy 
(aqueous) phase recycle per cycle, liters (with subscript) 
E = light (organic) phase hold-up per stage, liters. 
G = light (organic) phase interstage flow rate, liters/cycle. 
L = heavy (aqueous) phase interstage flow rate, liters/cycle. 
N = top stage in column of unspecified number of stages. 
0 = light (organic) phase recycle per cycle, liters. 
R = heavy (aqueous) phase hold-up per stage, liters. 
T = total interstage flow during one half-cycle, liters. 
V = total volume of recycle liquid, liters. 
a = pulse amplitude (displacement from one extreme position to the 
other), cm. 
f = pulse frequency, cycles/min. 
m = distribution coefficient (slope of the equilibrium line), no units. 
x = concentration of solute in light (organic) phase, gm./liter. 
y = concentration of solute in heavy (aqueous) phase, gm./liter. 
<f = stage efficiency, per cent. 
= ratio of heavy (aqueous) phase to light (organic) phase in interstage 
flow stream, no units. 
Subscripts: 
A = flow stream at top of column (extract or feed) 
B = bottom end-section of column 
F = top end-section of column 
R = recycle 
S = superficial flow rate (when used with L or G) ; solvent stream 
(when used with y). 
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N = top stage in column of unspecified number of stages 
d = downstroke 
n = typical stage in column 
u = upstroke 
1, 2, ... = stage numbered from bottom of column. 
Superscripts: 
( z ) = prime, refers to conditions at the end of an upstroke but 
before the beginning of an upstroke of the pulse generator. 
( ) = no prime, refers to conditions at the end of a downstroke but 
before the beginning of an upstroke of the pulse generator. 
( — ) = transient composition (see page 16). 
( * ) = equilibrium concentration. 
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APPENDIX 
Table 1 
Pulse 
frequen 
(cpm) 
Stage 
number 
1 
a 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
Total 
Hold-up data for the isoamyl alcohol-water-system with i-in. pulse amplitude; 
hold-up of discontinuous water phase in cnry stage 
Water flow rate = 1 liter/min. 
23.90 29.90 30.50 35.63 37.50 37.50 39.89 49.96 50.29 50.38 79.79 
50.7 43.1 34.5 34.0 28.9 28.0 36.0 40.0 42.2 40.8 36.6 
48.6 38.8 37.4 34.3 39.5 44.6 37.8 43.3 43.8 45.2 119.3 
45.8 39.6 44.2 36.4 107.6 121.6 39-5 51.9 63.4 54.2 166.0 
52.6 41.2 46.1 39.8 125.0 I30.7 44.0 57.5 137.4 70.1 189.7 
47.8 41.5 45.4 39.8 141.5 145.1 43.1 106.0 186.4 150.0 199.0 
57.9 45.5 49.7 44.8 143.0 144.6 48.3 170.4 196.3 183-3 203.0 
62.7 48.3 53.0 48.1 139.3 141.6 52.4 193.5 197.2 194.9 206.8 
85.3 48.9 55-7 50.3 133.0 133.0 57.0 195.8 185.4 192.0 200.3 
89.8 53.5 59.2 56.0 124.9 126.1 64.7 195.1 174.0 182.5 194.1 
85.6 59.4 67.3 59.2 115.6 116.4 82.1 188.1 157.0 167.7 183.1 
80.9 67.6 68.3 71.5 108.5 107.5 93.2 173.2 138.4 150.9 166.0 
87.5 74.8 67.I 82.5 104.5 101.7 92.7 157.5 119.6 132.6 146.3 
75.3 79.4 64.3 88.4 96.9 96.3 90.6 142.7 104.3 116.1 124.2 
64.7 70.4 30.I - 90.4 85.5 83.7 127.9 85.3 92.6 100.4 
936 753 723 769 1499 1523 866 1843 1831 1773 2135 
Table 10. (Continued) 
Pulse 
frequency 
(cpm) 44.71 #.71 44.94 49.42 50.93 63.83 72.12 82.76 
Stage 
number 
1 190.1 193.0 210.0 197.6 195.5 190.7 189.1 188.9 
2 200.0 201.0 210.0 203.4 199.2 200.8 200.9 195.4 
3 198.5 193.5 195.1 205.2 185.4 200.5 198.2 195.4 
4 200.6 194.7 193.6 203.8 184.8 200.3 200.4 200.1 
5 200.9 198.0 195.4 203.4 190.6 199.4 201.6 199.4 
6 199.0 I92.I I9I.8 200.5 187.5 I99.3 197.8 197.6 
7 I93.7 186.6 184.9 196.5 182.6 193.2 197.3 199.0 
8 180.0 171.5 170.5 181.4 173.0 187.7 189.3 190.8 
9 167.1 157.8 157.3 168.6 162.3 179.1 185.9 185.0 
10 153.0 141.9 143.1 151.6 150.0 164.9 174.6 174.5 
11 137.0 125.8 129.5 133.5 136.8 151.4 158.3 155.5 
12 124.6 110.6 116.5 117.2 125.5 133.8 142.0 140.2 
13 115.0 99.4 107.4 1.00.1 119.1 119.7 127.4 120.1 
14 107.0 85.7 97.2 85.0 110.8 110.0 112.1 87.4 
)tal 23 66 2251 2305 2348 2303 2431 2263 2429 
Table 11. Hold-up data for the isoamyl alcohol - water system with if-in. pulse amplitude; 
hold-up of discontinuous water phase in cm-'/stage. 
Water flow rate = 0.66 liter/min. 
Pulse 
frequency 
(cpm) 35.05 44.81 55-60 59.70 65.76 70.26 83.16 90.43 
Stage 
number 
1 27.0 25.0 30.4 26.1 183.7 25.0 198.2 207.0 
2 27.7 27.9 31.0 28.4 168.8 29.4 197.0 210.9 
3 26.6 32.2 32.9 35*9 158.0 37.0 162.1 203.2 
4 32.4 37-6 38.7 38.7 144.6 43.3 194.0 203.7 
5 28.8 34.7 39.3 40.9 142.1 46.2 186.1 202.8 
6 32.9 41.2 45.8 47.9 132.9 55.5 173.4 202.8 
7 32.9 43.8 50.7 54.1 122.0 64.8 159.3 194.9 
8 33.8 45.8 53.6 57.8 110.0 70.8 143.8 179.4 
9 35-2 50.1 59.5 62.6 102.6 75-2 131.4 166.2 
10 37.1 52.2 62.0 64.9 94.6 75.3 115.9 144.2 
11 37.4 53.0 61.3 63.0 86.7 71.9 106.0 I25.2 
12 37.7 54.3 62.0 63.4 81.2 71.1 96.9 106.8 
13 38.2 52.3 61.2 61.4 74.7 66.4 91.9 91.0 
34 38.2 51.1 57.8 58.0 66.2 60.1 89.5 73.6 
Total 466 601 686 703 1668 792 2046 2105 
(cpm) 
Stage 
lumber 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
Hold-up data for the methyl isobutyl ketone - water system with i-in. pulse amplitude ; 
hold-up of discontinuous water phase in cnr/stage 
Water flow = 1 liter/rain. 
24.98 24.98 29.73 29.73 29.97 29.97 49.83 50.00 70.30 89.55 90.57 
45.18 
42.45 
40.61 
46.0? 
44.80 
45.45 
43.43 
49.03 
45.84 
47.80 
44.94 
49.23 
45.92 
43.05 
45.32 
45.17 
45.03 
43.90 
47.91 
44.19 
49.33 
44.52 
45.91 
46.68 
45.31 
45.72 
34.02 
42.09 
33.7I 
36.85 
35.16 
41.52 
38.09 
37.85 
35.89 
35.47 
38.77 
34.62 
40.49 
32.53 
42.60 
39.64 
36.87 
40.63 
40.53 
38.76 
39.08 
40.06 
34.28 
42.79 
36.86 
39.32 
40.62 
34.65 
38.45 
36.42 
37.14 
40.83 
33.84 
38.93 
40.83 
34.41 
38.98 
40.32 
36.68 
42.74 
33.90 
37.63 
38.08 
37.35 
38.74 
36.92 
34.36 
41.18 
37.18 
35-22 
39.82 
39.20 
22.00 
19.47 
26.66 
24.47 
25.83 
27.23 
24.64 
26.04 
28.85 
26.65 
25.85 
26.59 
29.21 
30.74 
27.12 
19.92 
24.50 
23.57 
25.37 
27.14 
26.57 
27.02 
25.86 
25.81 
28.33 
28.44 
30.24 
22.17 
I8.58 
23.38 
23.17 
22.78 
26.81 
26.78 
29.43 
29.55 
29.52 
30.33 
32.52 
27.61 
19.77 
20.87 
20.82 
28.07 
23.90 
28.51 
31.28 
33.00 
33.71 
34.44 
33.27 
34.56 
35.30 
35.74 
24.64 
19.41 
27.75 
25.20 
30.88 
31.96 
31.30 
34.98 
35.19 
36.26 
37.71 
37.13 
38.87 
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Table 13. Hold-up data for the methyl isobutyl ketone - acetic 
acid - water system; hold-up of discontinuous water 
phase in cm?/stage 
Pulse 
frequency 
(cpm) 24.88 30.00 49.88 
Stage 
number 
1 37-88 31.49 20.36 
2 37.41 29.54 19.50 
3 37.87 31.27 22.73 
4 38.89 25.91 <••39 
5 40.01 27.97 18.29 
6 40.47 33.56 23.13 
7 40.27 29.19 23.08 
8 42.25 28.38 22.99 
9 42.71 24.69 22.30 
10 40.01 35.45 23.46 
11 44.13 35.72 24.42 
12 42.34 31.84- 21.87 
13 40.86 32.86 22.86 
14 43.31 34.26 23.26 
Table 14. Experimental data from extraction runs with the methyl isobutyl ketone - acetic acid -
water system with water phase dispersed; concentration in gm./liter 
Pulse 
frequency 
(cpm) 24.88 30.00 49.88 
Stream x x' y x x' y x x' y 
Stage 
number 
S - — 0.61 *1 •• 0.54 — — 0.41 
B - 69.59 19.38 - 72.57 20.26 - 75.01 — 
1 - 87.91 26.62 — 87.53 27.24 85.88 85.09 31.00 
2 95-42 93.60 - 93.87 93.17 - - - -
3 - IOO.38 37.53 - 98.97 37.97 99.05 97.50 -
4 - — - _ «• <• — — 46.15 
5 - 109.35 - - 110.51 •«* - - -
6 - - 53-01 - - 52.82 113.33 112.57 -
7 - - - - - - - 58.79 
8 124.14 122.49 61.87 123.52 122.90 60.27 120.92 — — 
9 — — - — — - — 124.20 65.50 
10 - 130.08 68.16 - 130.02 65.85 - - -
11 - - - ~ — - 131.57 131.22 72.79 
12 - 136.71 73.58 - — 72.15 - - -
13 140.92 139.24 76.80 139.40 138.48 75.93 138.75 136.99 78.02 
14 - 142.49 80.13 — 141.60 78.32 139.32 — 80.49 
F - 144.44 — — 144.39 - — 140.27 — 
A - 149.18 84.13 - 148.37 80.46 - 150.43 80.22 
s 
3 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
F 
A 
120 
Experimental data from extraction run using the methyl 
isobutyl ketone - acetic acid - water system with organic 
phase dispersed; concentrations in ga./liter 
yz 
15-34 
24.08 
36.20 
49.05 
62.20 
74.92 
90.43 
107.02 
126.12 
136.42 
0.50 
5.76 
11.78 
17.31 
27.54 
33.68 
37.82 
48.07 
62.41 
66.22 
8.34 
25.03 
25.72 
47.75 
